The objective of this study is to develop the wearable device for motion measurement which can be used anywhere without calibrated cameras, for measuring motions with transfer. We used a 9-axis sensor to measure three-dimensional acceleration, angular velocity and magnetism. The motion of the segments connected by the joint was calculated by integrating angular velocity, and the static posture was by the orientation from the gravity acceleration and environmental magnetism supposing geomagnetism. Joint angles were calculated from the relative posture of two segments in joint angle coordinate system. We performed the experiments to evaluate the measurement system. As a result, the absolute error at static posture was 1.8° on average and 7.4° at a maximum, and increased to 4.8° on average and 11.2° at a maximum by flexing 90°. Moreover, the result of experiment attaching the sensor thigh and lower thigh to measure the knee angle showed the unphysiological rotation and abduction which might be caused by the declination between the bone axis and the sensor. Eventually, our sensor system considered to be able to measure the posture of a single sensor, however, could measure just rough flexion angle and could not measure the small angle as rotation or abduction precisely when applying to human. Our future task is to correct the error between the axes of bone and sensor.
Introduction
Motion analyzing systems are widely accepted in variable fields like healthcare, welfare or sports today. However, such systems that measuring the threedimensional motion are generally expensive, difficult to use and needs fixed and calibrated cameras, which means the measurement can be performed just in the range recorded by cameras, and cannot measure the motion with transfer. If the device which can be used without such the limitations, it might be convenient for regional and small hospitals as a substitution of the expensive optical motion analyzing system, and would correct the data about the motions in real daily lives or operation during working, which might be the basic data for evaluating, improve or assisting the motions.
Recently inertial sensors are downsized and price-reduced, and used in not only industrial robots but also personal electronics. There have been some reports of developing motion analyzing system using such sensors. In this study, we tried to develop a system for motion measurement which could be used anywhere without complicated calibrations using magnetic and inertial sensors.
Method
Joint angle is a relative posture between two segments connected by the joint, therefore the posture of each segments should be measured on the same coordinate system. Our system required three-dimensional angular velocity, acceleration and magnetism to estimate the posture. Motion of a segment was calculated by integrating the angular velocity, however, there were two problems; first, calculated posture drifted by integrating just small errors. Second, the default posture could not be estimated as if a constant of integration.
Therefore, gravity acceleration and magnetism are used as the axes of global coordinate system (O-xyz), since they could be measured by acceleration and magnetic sensors on static condition assuming the magnetism equable. The direction of gravity acceleration was set as z axis. Then the cross product of z axis and the direction of magnetism was set as x axis, and finally y axis was set as the cross product of z and x axes, thus global Cartesian coordinate was created. Moving coordinate system (O'-XYZ) was fixed on the sensors, and each basis vectors on global coordinate system could be calculated using acceleration and
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magnetism. When the sensor moved, the basis vectors were updated by multiplying by rotation matrix which was created from angle velocities and sampling period. Finally, three-dimensional joint angles were calculated according to Grood's joint coordinate system.
The sensor used in this study was MPU9250, InvenSense Co. We performed two experiments to test the system. First one was for testing how the posture of the sensor could be measured and calculated. Putting two sensors on the jig for rotating the sensor around two axes, as one for moving and the other for fixed. And the imaginary joint angles were calculated. The assumed motions were flexing 90 degrees with 0 and 20 degrees of rotations. And as the second experiment, the sensors were fixed on the test subject for measuring the knee joint angle. The motion to be subjected was squatting. The test subject was a healthy male. The data were smoothed by RC filter by 80%.
Results
Results of the first experiment are shown in Table. 1 and 2. The error was 5.9 degrees at a maximum in extend posture. By flexing the joint, the error increased especially in rotation angle, and was 11.2 degrees at a maximum. It could be considered that there were external rotations according to flexion in both cases. Such might be caused by the misalignment of the sensors and the axis of rotation. Figure 1 shows the measured knee joint angle during squatting, and there were more errors on rotation and abduction angles. It was also considered to be caused by the error of the axes of bones and sensors. Such error might vary by the motion of skin and bone, and should be corrected. Moreover, there were the errors caused by the leakage of the connections.
Conclusion
We developed the motion measurement system using inertial and magnetic sensors and measured a knee joint angle. As a result, the posture of single segment was measured, however, there was large error on joint angles because of the error between the axes of bone and sensor. 
